Nuclear DNA-binding proteins were extracted from lymphoblastoid cell lines transformed with Epstein-Barr virus (EBV) or with the related lymphotropic herpesviruses of gorilla ( Herpesvirus gorilla), chimpanzee (H. pan), baboon ( H. papio) or orang-utan (H. pongo). They were immunoblotted with the sera of all four simian species in comparison with EBV antibody-positive human sera. Eight nuclear proteins were identified, and were designated GONA-1 and GONA-2 for H. gorilla-determined nuclear antigens, PANA-1A, PANA-IB and PANA-2 for H. pan, PONA-2 for H. pongo and HUPNA-I and HUPNA-2 for H. papio-determined nuclear antigens. One of two tested HUPNA-2-positive baboon sera and one PONA-2-positive orang-utan serum also reacted with EBNA-2 in EBV-transformed cells. A human serum that contained antibodies to all five EBNA proteins cross-reacted only with PANA-2 and PONA-2. Monospecific anti-peptide antibodies against EBNA-2, type A, also reacted with PONA-2, but not with the other simian nuclear antigens. The data provide evidence that EBV-like simian lymphotropic herpesviruses induce EBNA-Iike nuclear antigens and that EBNA-2 and some simian EBNA-related proteins contain an epitope that has been conserved during the evolution of the EBV family of viruses.
INTRODUCTION Epstein-Barr virus (EBV)-like B-lymphotropic herpesviruses have been found in all Old
World non-human primate species studied, namely Herpesvirus pan in chimpanzees (Pan troglodytes; Gerber et al., 1976) , H. papio (HVP) in baboons (Papio hamadryas and P. anubis; Falk et al., 1976; Rabin et al., 1977) , H. pongo in organ-utans (Pongo pygmaeus; Rasheed et al., 1977) and H. gorilla in gorillas (Gorilla gorilla; Neubauer et al., 1979) . They share various degrees of DNA sequence homology, produce cross-reactive viral proteins and can also immortalize Blymphocytes. DNA sequence homology between EBV and H. pan (Gerber et al., 1976) , H. papio (Falk et al., 1976) , H. pongo (Rabin et al., 1978) and H. gorilla (Neubauer et al., 1979) is approximately 35 to 45 %. The same degree of homology is found among the simian viruses. H. papio DNA shows extensive colinearity with EBV DNA (Lee et al., 1981) . H. pan DNA has colinear homology with both H. papio and EBV DNA (Heller et al., 198 l, 1982 b; , suggesting that these viruses evolved from a common parent. There are extensive crossreactions between the viral capsid (VCA) and early (EA) antigens of all five viruses (Falk et al., 1976; Rasheed et al., 1977) .
Cells transformed by all four simian viruses express nuclear antigens (NA). The H. papio NA (HUPNA) can only be demonstrated by the acid-fixed nuclear binding technique (Ohno et al., 1977) , whereas the other three NAs can be stained by anti-complement immunofluorescence (ACIF). Human EBV-immune sera react with HUPNA, but H. papio-immune baboon sera do not react with EBV-induced NA (EBNA) (Ohno et al., 1978) . Herpesvirus pan NA (PANA) could be stained by some chimpanzee, human and orang-utan sera (Gerber et al., 1976 (Gerber et al., , 1977 Rabin et al., 1978) . The cross-reactions were asymmetrical in that human EBNA-positive sera reacted with the simian NAs, but EBNA was only stained by the orang-utan sera (Rabin et al., 1980) . Gorilla sera detected only H. gorilla NA (GONA) and HUPNA, while GONA was stained by both human and orang-utan sera (Rabin et al., 1980) .
The immunoblotting technique has revealed that EBNA is composed of at least five different nuclear antigens. EBNA-1 contains a 30K to 50K glycine-alanine copolymer that serves as a major antigenic epitope of EBNA-I (Dillner et al., 1984) and is encoded by the third internal repeat array (IR3) (Heller et al., 1982a, c; Hennessy & Kieff, 1983) . Homologous repeat arrays are known to be present in the DNAs of H. pan and H. papio (Heller et al., , 1982b . A comparison of the ACIF-detectable EBNA titres with the EBNA-l-specific titres of EBVimmune sera has shown that EBNA-1 is the main antigen of the EBNA complex (Hearing et al., 1984) . EBNA-1 is required for the maintenance of the EBV plasmid (Yates et al., 1984; Rawlins et at., 1985) .
EBNA-2 is encoded by the BamHI YH region of EBV DNA (Hennessy & Kieff, 1985; Dillner et al., 1985) . The BamHI WYH region has an essential role in B-cell transformation (Skare et al., 1985) . The EBNA-2 coding region is known in two different forms, type A and type B, with less than 50~ amino acid homology (Dambaugh et al., 1984 ; Zimber et al., 1986) . The EBNA-2 type B gene hybridizes to the genome of H. papio, whereas H. pan and H. pongo genomes contain sequences with some homology to both type A and type B EBNA-2 (Dambaugh et al., 1984) .
The EBNA-2 protein usually appears as a broad band that can be resolved into three forms differing slightly in electrophoretic mobility (Kallin et al., 1986) . EBNA-3 and EBNA-4 are high molecular weight proteins (140K to 180K) whose coding sequences have not yet been identified (Kallin et al., 1986; Hennessy et al., 1985; DiUner et al., 1986a) . EBNA-5 is encoded by the BamHI W internal repeat region and the BamHI Y fragment (Dillner et al., 1986b) .
In the present study, we have used the immunoblotting technique for the identification of simian herpesviral nuclear antigens. We were particularly interested in the following questions. Do the four EBV-related simian viruses also determine multiple nuclear antigens, like EBV does? What cross-reactivity patterns can be found in relation to the different members of the EBNA family? Do the simian viruses contain IR3-1ike repeat arays that encode glycine-alanine copolymers, in analogy with EBNA-1 ? Do they share epitopes conserved by evolution? Do the different simian viruses determine EBNA-2-1ike proteins and are such proteins cross-reactive with the A-type or B-type of EBNA-2? Table 1 . Chromatography on single-stranded DNA-cellulose. This was essentially as described previously (Kallin et al., 1986) . 1 x l09 cells were frozen and thawed in 10 ml of 20 mM-Tris-HC1 pH 7.5, 400 mM-NaCI, 1 mM-EDTA, 3 mM-2-mercaptoethanol and 1 mM-phenytmethylsulphonyl fluoride (PMSF), homogenized in a Dounce homogenizer and centrifuged for 60 rain at 20000 r.p.m. The supernatant was diluted with water and glycerol to a final concentration of 150 mM-NaCI and 10~o (v/v) glycerol, and applied to columns extensively equilibrated with binding buffer (20 mM-Tris-HC1 pH 7-5, 150 mM-NaC1, l mM-EDTA, 3 mM-2-mercaptoethanol, 1 mM-PMSF, 10~o glycerol) of single-stranded DNA-cellulose, prepared according to the method of Alberts & Herrick (1971) . After extensive washing with binding buffer, ssDNA-binding proteins were eluted with binding buffer containing 500 mi-NaCl. All steps were performed at 4 °C.
METHODS

Cell lines. A list of cell lines is given in
Subcellularfractionation. This was performed as described in Dillner et al. (1985) . Washed cells were disrupted in nuclei isolation buffer (2~ sucrose, 10 mi-Tris-HCl pH 7.5, 10 mM-NaC1, 3 raM-magnesium acetate, 1 mM-PMSF, 0.7~ NP40). The nuclei were collected by centrifugation, washed with nuclei isolation buffer lacking NP40 and sequentially extracted with the same buffer containing 0.15 M-NaCI and 0.4 M-NaCI, followed by extraction with 3 M-urea. The highly viscous nuclear residual pellet was dissolved in electrophoresis sample buffer by repeated passages through a hypodermic syringe.
Simian EBNA-Iike proteins Immunoblotting. This was according to the method of Towbin et al. (1979) , with some modifications. In the hope of identifying antigens of various molecular weights, electrophoresis was performed on SDS-polyacrylamide gels of several different concentrations of acrylamide and N-N'-methylenebisacrylamide. The concentrations are given in each figure legend. Transfer to nitrocellulose sheets was overnight at 36V and blocking was for 4 h in phosphatebuffered saline containing 5~ (w/v) non-fat dried milk. Sera were diluted in blocking buffer and incubated for 1 h, whereafter the sheets were washed three times for 30 rain each in blocking buffer and incubated with anti-human IgG-alkaline phosphatase conjugate (Sigma), diluted 1:1000 in blocking buffer. After washing three times for 60 min each in phosphate-buffered saline containing 0.1 ~ Tween 20 the blots were developed with 20 mg alphanaphthylphosphate and 50 mg Fast Red (Sigma) in 100 ml 100 mM-Tris-HC1 pH 8-8, 3 mM -MgCI2.
Sera. The sera, their EBV immunofluorescence titres and their immunoblotting reactivities are listed in Table 2 .
RESULTS
Immunoblotting
Initial attempts were made to identify virus-determined antigens on immunoblots of whole cells or whole nuclei. There was a heavy background of cellular proteins, probably due to the species difference between the cell lines and the antisera. The background was considerably reduced by preparing single-stranded DNA binding proteins or nuclear residues after NaC1 and urea extraction. The results are presented separately for each species.
Herpesvirus pan
Three chimpanzee sera were tested on immunoblots of ssDNA-binding proteins extracted from the H. pan carrying Austin, the EBV-carrying 728/EBV and the herpesvirus-negative Loukes cell lines. Sera Pan 1 and 3 identified two proteins of molecular weights 73K and 69K in the Austin line, but not in 728/EBV or Loukes cells (Fig. 1 a) . They were designated PANA-1A and PANA-1B. Serum Pan 2 identified the 73K and 69K proteins (PANA-1A and 1B) in the Austin line, and also identified a 76K protein in the Austin line, but not in 733/EBV or Loukes cells ( Fig. 1 b) . The 76K protein (PANA-2) had a broad appearance and was resolved into a double band on some blots.
On blots of nuclear residues, serum Pan 2 also reacted with PANA-2, -1A and -1B (not shown). 
Herpesvirus pongo
We analysed three orang-utan sera on immunoblots of s s D N A -b i n d i n g proteins of the H. pongo-carrying cell lines 733/H. pongo and CP-81, in comparison with the EBV-carrying 733/EBV and the herpesvirus-negative Loukes cell lines. Serum Pongo 2 reacted with a 77K protein, designated PONA-2, in CP-81 and in 733/H. pongo, and a 103K protein in 733/EBV, but no protein in Loukes cells (Fig. 2) . The 103K EBV-associated protein was identified as EBNA-2 by its reactivity on parallel immunoblots with specific antipeptide sera (Dillner et al., 1985) . The 77K P O N A -2 band was characteristically present as a broad band, which on some blots could be resolved into a triplet. The same proteins could be identified on immunoblots of nuclear residues (not shown).
Herpesvirus gorilla
Three sera obtained from gorillas were applied to immunoblots of single-stranded DNAbinding proteins of the H. gorilla-carrying 728/H. gorilla cell line in comparison with the EBVcarrying 728/EBV and the herpesvirus-negative Loukes cell lines. Serum Gor 1 identified a 100K (GONA-1) and a 128K protein (GONA-2) in the 728/H. gorilla line, not seen in the 728/EBV or Loukes lines (Fig. 3) . Serum Gor 2 identified 16 proteins present in the 728/H. gorilla line but not in the 728/EBV or Loukes lines. The 100K and 128K GONA proteins identified by serum Gor 1 were the most prominent bands on immunoblots with serum Gor 2 (not shown). A third gorilla serum was unreactive.
Herpesvirus papio
We investigated ten baboon sera for their reactivity with HUPNA on immunoblots of nuclear residues. Two sera (PPA 108 and Papio 1) reacted with a 103K protein, designated HUPNA-2, that was present in 26CB-1 and 733/H. papio cells, but not in the herpesvirus-negative human cell line Loukes (Fig. 4a, b) . Serum PPA 108 also reacted with EBNA-2 in both 733/EBV cells and AG 876 cells. In 733/EBV cells EBNA-2 comigrated with HUPNA-2, but it migrated as an 80K protein in AG 876 cells (Fig. 4a ). The identity of EBNA-2 was ascertained by parallel immunoblots stained with monospecific anti-peptide sera against EBNA-2, type A (Dillner et al., 1985) or type B (J. Dillner, unpublished results) (not shown). Serum Papio 1 also reacted with HUPNA-2 in 26CB-1 and 733/H. papio cells, but did not react with EBNA-2 in 733/EBV cells ( Fig. 4b) . Serum Papio 1 identified a 74K protein, designated HUPNA-1, in 26CB-1 and 733/H. papio cells, which was not detected in 733/EBV or Loukes cells (Fig. 4b) .
None of the sera tested identified any virus-determined protein in 594/H. papio cells (Fig. 4a, b) .
On blots of single-stranded DNA-binding proteins serum Papio 1 only reacted with the 74K protein in 26CB-1 cells (not shown).
Blotting of monkey lines with anti-EBNA sera
A well-characterized EBNA-positive human serum that does not react with EA or VCA on immunoblots but reacts with EBNA-1, -2, -3 and -4 (Kallin et al., 1986) was used on blots of ssDNA-binding proteins prepared from the monkey lines. It cross-reacted strongly with the 77K PONA-2 protein in 733/H. pongo and weakly with the 76K PANA-2 protein in Austin cells ( Fig. 5) . A monospecific anti-EBNA-1 serum (no. 107; Dillner et aL, 1984) , directed against the glycine-alanine copolymer encoded by the IR3 repeat region known to be conserved between the viruses (Heller et aL, , 1982b failed to react with the ssDNA-binding viral antigens of any of the monkey lines (not shown).
An antipeptide serum (no. 115; Dillner et al., 1985) , directed against the carboxy terminus of EBNA-2, type A, was tested on immunoblots of ssDNA-binding proteins of all monkey lines. The 77K PONA-2 protein in 733/H. pongo cells gave a strong reaction (Fig. 6 ).
An anti-peptide serum directed against the carboxy terminus of EBNA-2, type B, (number 185) was tested on immunoblots of all monkey lines. A lymphoblastoid cell line transformed by Jijoye virus (CB-JIJ-STO; Ragona et al., 1980) was included as positive control. None of the monkey lines showed any positive reaction (not shown).
A summary of all the identified nuclear antigens, their molecular weights and sera used is given in Table 3 . DISCUSSION The designation of the antigens detected in this study was based on the following considerations. We decided to focus on virus-determined nuclear antigens. All eight simian antigens were present in the nuclear residual pellets and at least part of each was therefore tightly associated with the nucleus. The high background level obtained with whole cells or cytoplasmic fractions precluded a study of the question whether the antigens were exclusively nuclear. * Whereas all other nuclear antigens could he detected on blots of ssDNA-binding proteins, HUPNA-2 could only be detected in nuclear residues. HUPNA-1 was seen in nuclear residues of 26CB-I and 733/H. papio cells, but only detected in the ssDNA-binding fraction of 26CB-1 cells.
The viral determination of the simian antigens was most clearly shown for the H. papio, H. pongo and H. gorilla viruses; when B-lymphocytes from the same gibbon (no. 733 or 728) were transformed with these different viruses and with EBV in parallel, each virus was found to induce its characteristic antigens. We also wished to focus on virus-determined antigens expressed in growth-transformed, virus non-producer cells. Only 26CB-1 was a complete nonproducer (no EA-positive cells seen among 104 examined). Association with growth transformation in the absence of any lytic cycle is thus definitely shown for HUPNA-1 and HUPNA-2. The other lines had variable, but small proportions of EA-and VCA-positive ceils, not exceeding 4~. Earlier experience with the EBV system has shown that lines containing lyticaUy infected cells of this order strongly express the growth transformation-associated proteins of the EBNA family, whereas the lytic proteins are seen as additional weak bands identified by only a minority of sera. The prominence of GONA-1 and GONA-2 in the 728/H. gorilla line suggests that these proteins are associated with the growth-transformed state. The Gor l serum identified only GONA-1 and GONA-2 while Gor 2 also reacted with 14 other less prominent proteins. These may be associated with the lytic cycle, since EA-D antibodies were present in Gor 2 but not in Gor I serum ( Table 2 ). The early nuclear DNA-binding proteins of the lytic EBV cycle are all associated with EA-D (for review, see Ernberg & Kallin, 1984) . Association of the simian nuclear antigens with the transformed state is also indicated by other evidence. PONA-2 is homologous with EBNA-2, as evidenced by its reactivity with EBNA-2specific anti-peptide antibodies. PANA-2 and PONA-2 react with a human serum that contains antibodies against EBNA-1, -2, -3 and -4 but not against the antigens of the EA complex (Kallin et al., 1986;  Fig. 5, lane 2) . 733/EBV is an EBV producer line with 4~ EA-positive cells, but we could detect only growth transformation-associated proteins in it.
The nuclear antigens were numbered in the direction of increasing molecular weight, with the exception of the H. pongo system where only one nuclear antigen was identified. This antigen was homologous to EBNA-2, as indicated by its reaction with an EBNA-2-specific anti-peptide serum, and was therefore designated PONA-2. A different number was assigned only if the proteins were serologically different. Antibodies to PANA-1A and PANA-1B were present in the same relative abundance in the reactive sera. These proteins may therefore be immunologically related. In contrast, only one of the three PANA-l-reactive sera contained antibodies to PANA-2. This shows that PANA-1 and PANA-2 are antigenically distinct. A similar distinction could be made between HUPNA-1 and HUPNA-2 on the basis of their differential reactivity with two baboon sera. Compared to serum Gor 1, serum Gor 2 was more weakly reactive with GONA-2 than with GONA-1, suggesting an antigenic difference. The low DNA sequence homology between EBNA-2 of type A and type B, has raised the question of their evolutionary relationship. It is of particular interest that the putative 'EBNA-2' gene of H. papio hybridizes to the human type B EBNA-2 gene (Dambaugh et al., 1984) . The HUPNA-2-positive PPA 108 serum cross-reacted equally well with type A EBNA-2 (733/EBV) and type B (AG876). This shows that EBNA-2 contains an epitope, conserved during viral evolution, that is independent of the variation between the two types. In contrast, the HUPNA-2-positive Papio I serum did not react with EBNA-2, showing that HUPNA-2 contains its own distinct epitopes as well. Somewhat surprisingly, we have found no evidence of any crossreactivity between the simian antigens and EBNA-1, in spite of the demonstrated DNA sequence homology in the IR3 region (Heller et aL, , 1982b . In contrast, EBNA-2 and the simian EBNA-2-related proteins cross-reacted both with human and with simian sera, in spite of the low DNA sequence homology of this gene. Regions of amino acid homology between type A and type B EBNA-2 have been detected in the N-and C-terminal parts of the protein, in contrast to the highly variable intermediate regions (Dambaugh et al., 1984) . The EBNA-2 carboxy terminus contains a stretch of eight homologous amino acids in type A and type B. We have previously found that a carboxy-terminal 18 residue synthetic peptide reacted specifically with human EBNA-2-positive sera in ELISA tests. A single amino acid substitution in the middle of the conserved eight amino acid stretch abolished this reactivity (Dillner et al., 1985) . The conservation of a carboxy-terminal EBNA-2 epitope between orang-utans and humans, as found in the present study, suggests that this region may be functionally important.
